We present a software tool for simulations of flow and multi-component solute transport in 2 two and three-dimensional domains in combination with comprehensive intra-phase and 3 inter-phase geochemistry. The software uses IPhreeqc as a reaction engine to the multi-4 purpose, multidimensional finite element solver COMSOL Multiphysics® for flow and 5 transport simulations. Here we used COMSOL to solve Richards' equation for aqueous phase 6 flow in variably saturated porous media. The coupling procedure presented is in principle 7 applicable to any simulation of aqueous phase flow and solute transport in COMSOL. The 8 coupling with IPhreeqc gives major advantages over COMSOL's built-in reaction capabilities, 9
Introduction 38
Computer simulations of water availability and quality play an important role in state-of-39 the-art water resources management and agriculture (Barry, 1992; Šimůnek and Bradford, 40 2008 ). Due to the importance of the unsaturated zone as the major life-supporting 41 ecosystem on land (Brussaard et al., 2007) , there is a great demand for understanding and 42 predicting the complex interactions between highly non-linear vadose zone flow and bio-43 geochemical reactions (Wissmeier et al., 2009 ). However, many of the most utilized 44 software programs focus either on physical flow and transport phenomena (e.g., MODFLOW 45 (Harbaugh et al., 2000) , SUTRA (Voss and Provost, 2008) , HYDRUS (Šimůnek et al., 2009 )), or 46 on geochemical reactions (e.g., MINTEQ (Gustafsson, 2010) , CHESS (van der Lee, 1998) , 47
In the presented scheme, the Darcy flux θ (m s
) in is computed from Richards' 117 equation according to 118
(e.g., Bear, 1972 Bear, , 2007 , where is the unsaturated hydraulic conductivity tensor (m s ) and is the magnitude of gravitational acceleration (m s
). 120
The other major part of the model concerns geochemical reactions (including biological 121 reactions modelled using a geochemical approach). Thorough descriptions of the models for 122 this part are available in textbooks (Appelo and Postma, 2005; Langmuir, 1997 ) and the 123 PHREEQC manual (Parkhurst and Appelo, 1999) . 124
Coupling procedure 125
In the discretized time domain of the numerical model, the three simultaneous and 126 dependent processes flow, solute transport and reaction are separated using a non-iterative 127 sequential split-operator approach where is the length of the coupling time step. The 128 coupling time step is further reduced within the iterative schemes for unsaturated flow, 129 solute transport and geochemical speciation as required by the respective algorithms. As 130 result of the decoupling, concentrations are assumed independent of reactions in solute 131 transport computations. As well, the liquid phase saturation and density are similarly 132 assumed independent of concentrations and reactions during flow calculations. During the 133 geochemical reaction step (performed within IPhreeqc), the solution composition is 134 assumed independent of both flow and transport. The influence of reaction kinetics, grid 135 size and splitting time step on the introduced splitting error in unsaturated flow situations 136 was investigated by Jacques et al. (2006) . General discussions on operator splitting are 137 provided by Yeh and Tripathi (1989) , Valocchi and Malmstead (1992) and Barry et al. (2000; 138 1996 ; 1997), among others. 139 
Aldicarb Oxime (ao):
Aldicarb Sulfoxide (asx):
Aldicarb Sulfoxide Oxime (asxo):
Aldicarb Sulfone (asn):
Aldicarb Sulfone Oxime (asno):
The reaction chain together with first-order rate constants is displayed schematically in Fig.  259 3. 260 
269
In order to verify the coupling procedure, moisture content and concentrations were 270 compared along the centre line (r = 0) with results from COMSOL alone (Fig. 4) 
294
The simulation domain with 2665 nodes and 23985 degrees of freedom is displayed in Fig. 5 . 295
It represents a 2D slice of the soil system with axial symmetry along the left boundary. Table 1 . 313 
where hyd is the reaction constant taken as -0.35 d -1 and Urea is the molal urea 321 concentration. For the kinetic nitrification of ammonium to nitrate, we used the reaction 322 formula 323
with the rate, 324
The reaction constant nit was set to -0. 
368
The exchanger composition, pH and molal concentrations of O(0) are presented in Fig. 9 . 369
The soil's low initial pH originates from respiratory CO 2 . The decreasing pH behind the solute 370 front can be attributed to (i) oxidation of ammonium and (ii) the replacement of protons 371 from the surface exchange sites by ammonia and potassium. The latter can be interpreted 372 as a proton "snow plough" (Barry et al., 1983) . 373
Low pH values due to nitrification and proton exchange may result in significant dissolution 374 of soil matrix minerals (e.g., calcite), which may act as pH buffers and release cations that 375 compete for adsorption sites and thereby reduce the adsorption efficiency of fertilizer ions. pipe. This is due to the elevated concentration of ammonium from urea hydrolysis and 387 retardation of potassium, which shifts the concentration ratio towards ammonium. In 388 addition, the low pH values in this region favour the formation of ammonium as opposed to 389 non-adsorbing ammonia. Potassium is mainly adsorbed close to the irrigation pipe, where 390 ammonium concentrations are low. The region at x = 0.6 m, y = 0 m remains extremely dry 391 (cf. Fig. 7) . Therefore, it is effectively inert towards changes in geochemical conditions (e.g., Table   Table 1 Geochemical solution properties. Master species concentrations in mol(kg water) 
